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Abstract (248 words) 
Background: The prediction of long term outcome in surviving infants born very preterm (VPT: ≤32 
weeks) or with very low birth weight (VLBW: ≤1250g) is necessary to guide clinical management, 
provide information to parents and to help target and evaluate interventions. We sought to review 
and critically assess the methods and reporting of studies that have developed a risk prediction 
model in this population, and provide guidance for future research in this area 
Methods: A systematic review was conducted using Medline, Embase and Pyscinfo databases to 
identify studies published between 1st January 1990 and 1st June 2014 reporting multivariate 
prediction models for neurodevelopment in VPT/VLBW children.  Seventy-eight studies reporting 
222 risk factor models for neurodevelopmental outcome were identified.  
Results: The optimal study design, prospective follow up of all live births in a geographically defined 
region, was used in 25 (32%) of studies. Selection and screening of candidate risk factors was 
generally quite poorly reported and inappropriate techniques were often used in model building 
process. The reporting of attrition and missing data and its impact on results was also poor, with 
only 24 (31%) of studies reported the number of children included in the final model. Twenty-one 
(27%) of studies did not fully report the estimates of all risk predictors retained in the final model. 
Conclusions:  The findings and recommendations of this critical review should be used as a basis for 
the design and analysis of future studies seeking to develop and validate risk prediction models in 
this population.  
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Introduction 
Prematurity and its associated neonatal morbidities have a pervasive effect on neurodevelopment, 
leading to: cerebral palsy, visual and auditory deficits, impairments in global and executive cognitive 
function, learning disabilities and behavioral problems.1 The early identification of factors that 
mediate long term outcome is necessary to guide the clinical management of children born preterm, 
provide information to parents and to help develop, target and evaluate interventions. A large 
literature reports risk factor models for neurodevelopmental outcome in very preterm children yet 
few, if any, are used routinely in clinical practice or adopted for use in research studies or policy 
evaluation. One reason for this is concern about the design, analysis and reporting of such studies, 
and the lack of formal model validation using robust statistical methods. Another reason is that most 
studies do not present the model in a format that is easily assessable and simple to use with a clear 
set of instructions.  
 
The aim of this article is to review the conduct and reporting of 78 studies that were recently 
included in a systematic review of risk predictors for neurodevelopment outcome in children born 
very preterm (VPT: ≤32 weeks) or with very low birth weight (VLBW: ≤1250g).2 (2 in press - 
references to be added). Studies were included if the aim (or one of the aims) was to develop a 
multivariate (>2 variables) risk prediction model to predict neurodevelopmental outcome in this 
population, in one or more of the following domains: motor, cognition, hearing, vision or behavior. 
This article reports the main elements of study design, model development, reporting and validation 
the risk of bias assessment of the 78 studies included in the review. The findings are then discussed 
within the framework of recommended approaches for analysis and reporting advocated by experts 
advising on risk prediction modelling in the medical and statistical literature.3-8 Despite the recent 
publication of reporting guidelines for studies developing and validating risk prediction models,9 
there is no equivalent central resource that provides guidance for the design and analysis of such 
studies. 
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Methods 
The methods for the systematic review of risk predictors for poor neurodevelopment in VPT/VLBW 
children have previously been published in a protocol (http://www.crd.york.ac.uk/PROSPERO/),  
registration number CRD42014006943 and in three review articles published for motor, cognitive and 
behavioral outcomes.2 (2 in press - references to be added).  
 
Search strategy 
Three electronic search strategies were devised in the Medline, Embase and Psycinfo databases 
(Boxes S1-3) using the National Institutes of Health Medical Subject Headings (NIH MeSH). The 
searches identified any journal articles published from 1st January 1990 to 1st June 2014 reporting a 
multivariate risk prediction model for a neurodevelopmental outcome assessed after the age of 18 
months in VPT/VLBW children. No language restrictions were made. The bibliographies of all articles 
included for data extraction were hand-searched for further eligible articles.  
 
Eligibility criteria 
Articles were included in the review if they satisfied the following eligibility criteria: (1) contained 
original data, (2) study population was born after 1st January 1990, (3) study population was ≤32 
weeks gestational age (GA) or with birth weight (BW) ≤1250g and not a highly select group (based on 
other clinical criteria), and (4) one objective was to perform a multivariate risk factor analysis (>2 
variables) of a neurodevelopmental outcome assessed after 18 months of age.  
 
Data extraction and reporting 
All articles identified by the search strategies were screened on title and abstract for definite 
exclusions and duplicates (screen 1). For the remaining articles, the full text was retrieved and the 
eligibility criteria were applied (screen 2). The two screens were initially performed by the first 
author (LL), but if there was uncertainty about the eligibility of an article, it was screened 
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independently by the second author (RM). If a decision could not be reached it was referred to the 
rest of the author review team (JK, NM and JM). Non-English articles included in the review were 
fully translated. Multiple articles based on the same cohort of children underwent a panel review 
(LL, RM and NM). Those reporting the same outcome domain (cognitive, motor, behavior, hearing, 
vision) at the same age of assessment (<5 years and ≥5 years) were assessed on relevance to the 
review, and only one article was selected for data extraction. For all articles eligible for inclusion, 
both reviewers (LL and RM) independently completed a full data extraction form on a customised 
MS Access 2010 database. These were cross-validated for discrepancies, and referred to the rest of 
the author review team if agreement could not be reached. If critical information was missing or 
unclear the corresponding author was contacted once by email for clarification. 
 
Summary statistics were provided for each item of data extracted and the results from this review 
are presented in accordance with the PRISMA guidelines.10  If more than one model was presented 
in an article, the first model reported was selected to summarise model characteristics to avoid the 
over-representation of studies presenting multiple models. Most studies used the same techniques 
to develop their models and reported them the same way, so selecting just one model from each 
article to summarise model building, reporting and validation should be a good reflection of 
practices adopted in the literature. 
 
Results 
The search strategy retrieved 44,500 articles (Figure 1), and 2,284 articles were screened on full text, 
applying the full set of eligibility criteria. Ninety one articles (from 48 cohort populationsa) containing 
multivariate risk factor analyses were eligible for inclusion. Following panel review (LL, RM and NM), 
a further 13 articles were excluded as they reported the same outcome domain at the same age of 
                                                          
a Studies based in any centre participating in the National Institute of Child Health and Human Development Neonatal 
Research Network (NICHD NRN) follow-up programme were classified as belonging to the same cohort. 
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assessment in the same cohort as another article with a more relevant objective. The remaining 78 
articles, reporting 222 risk prediction model for a neurodevelopmental outcome, were included in 
the data extraction.11-88 Twenty eight articles reported a risk prediction model for motor outcomes, 
31 for cognitive outcomes, 15 for behavioral problems or psychiatric disorders, three for visual 
outcomes, and 27 for composite outcomes based on a combination of the other 
neurodevelopmental domains. 
 
Study design 
The design characteristics of the 78 studies that were included for data extraction are shown in 
Table 1. The main study design was cohort (91%) and there were five randomised controlled trial 
(RCT) populations,52,53,56,61,70 one case-control study54 and one cross-sectional study.32 Of the 71 
prospective cohorts, half (n=36) were ascertained from all live births in a geographically defined 
region and half (n=35) were recruited from neonatal intensive care unit (NICU) admissions. Forty-five 
percent (n=35) of studies recruited from a single centre and 55% (n=43) from multiple centres. 
Seventy-nine percent (n=62) of studies collected risk factor and outcome data prospectively, but 
17% (n=13) extracted data retrospectively from hospital records or a database, and in 27% (n=21) of 
studies the outcome data was collected as part of a routine follow-up visit. Overall, 32% (n=25) of 
studies were based on a cohort study of all live births in geographically defined region and followed 
up prospectively. 
 
The majority of studies were conducted in Europe (59%), followed by North America (22%) and  
Australia and New Zealand (15%). Fifty-five percent of (n=43) studies defined the study cohort using 
GA only and 21% (n=16) used BW only, the remaining studies used some combination of the two. 
The most common age of assessment was 18-24 months (45%, n=34), but 27% (n=21) studies 
followed up children to between 3-5 years of age and 21% (n=17) to between 6-12 years. Six studies 
had an age range that spanned over more than one of these categories. The median sample size was 
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219 {IQR: 141 to 461} and 11 studies had more than 1000 participants.12,13,15,17-19,25,26,55,70,83 Only one 
study mentioned the issue of power and referred the number of events per variable in the modelling 
process.40  
 
Model development 
The median number of risk factor models presented per study was two and 25% of studies 
presented four or more models. A summary of the model building techniques used is presented in 
Table 2 (for the first model presented in the article). The median number of candidate risk factors 
considered at the outset was 17 [range: 3 to 51] and in seven studies it was unclear what the initial 
list of factors were. Seventy two percent (n=56) of studies provided a rationale for their choice of 
candidate factors, or used a comprehensive list with wide coverage (≥20 factors), but 28% (n=22) of 
studies with less than 20 candidate factors gave no rationale at all. The derivation and coding of 
outcomes and risk factors were described clearly in 85% (n=66) of studies and outcomes were 
generally measured using comprehensive, well-validated tests or assessed using standardised 
diagnostic criteria, though blinding to previous medical history at assessment was frequently not 
reported.  Sixty-nine percent (n=54) of studies categorised some or all of the risk factors or that were 
measured on a continuous scale. In many cases there was a clinical rationale or a widely adopted 
convention was used, such as a threshold of two standard deviations below the mean for 
intelligence quotient score to denote moderate to severe cognitive impairment, but the use of 
arbitrary thresholds for no reason was also widespread practice.  
 
Forty-three percent (n=33) of studies entered all of the candidate variables into the multivariate 
model, 28% (n=22) only included candidate factors with a p-value below a set threshold in a 
univariate test of association with outcome and 8% (n=6) screened variables using multivariate 
analysis. The most popular method of model building after initial screening (or no screening) was to 
simply include all factors (39%, n=30) regardless of statistical significance, and stepwise selection 
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(35%, n=27). The median number of risk factors included in the final prediction model was 5 {IQR: 4 
to 9}. 
 
Reporting and model validation 
A summary of reporting and model validation is presented in Table 3. Generally the reporting of 
study attrition and missing data was quite poor, making it difficult to assess how representative the 
children assessed and analysed were of the original study sample recruited.  A comparison of 
baseline characteristics between those lost to follow-up and those assessed was not performed by 
30% (n=21) studies. Furthermore only 25% (n=19) of studies presented the amount of missing data 
for each variable included in the final model and only 31% (n=24) reported the number of infants 
included in the final model.  Although most studies reported the point estimates, confidence interval 
or standard errors, and the p-value or significance level for all model coefficients included in the final 
multivariate model, 27% (n=21) of studies only did so for selected variables, or failed to report them 
at all.  
 
Only four studies13,33,43,73 attempted to assess the performance of the final model. All four reported 
the area under the receiver operating curve which measures the discriminatory ability of the model 
to differentiate between individuals by severity of outcome. One study43 produced a decision 
tree/algorithm based on their model and another13 produced a web based tool to predict either 
death or neurodevelopmental impairment (NDI) - a composite of cerebral palsy, deafness, blindness, 
motor or cognitive delay - for use in clinical practice (see https://neonatal.rti.org/OTEstimator/). In 
this study the model was developed by randomly splitting the dataset into a development set (70%) 
and tested the model in a validation set (30%). The calculator produced can predict the probability 
of death, death or NDI, and NDI alone. The models that predict death and death/NDI combined have 
been externally validated in independent populations,89,90 though the model for NDI only (included 
in this review) has not been externally validated. 
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Discussion 
This review has highlighted some strengths and weakness in the research methodology and 
reporting of risk prediction models for neurodevelopmental outcome in the VPT/VLBW population in 
the published literature. The data extracted on study design and conduct, model development, 
validation and reporting has identified a number of issues which should be addressed in the design 
and analysis of future studies. For each of the main issues, recommendations are made based on the 
latest literature in the field, and discussed in relation to the findings of the review.  
 
Study design 
Selection of participants 
The optimal study design for prognostic research in the VPT/VLBW population is a prospective 
cohort of all live births in all centres in a geographically defined region, where the sample represents 
the source population and exposure to risk factors can be measured prior to the occurrence of an 
outcome.3 However only 32% of studies in the review fulfilled the optimal study design and many 
studies were conducted in a single centre NICU. Studies based in a single centre, while convenient, 
have less generalisability due to centre differences in service provision, referral and management 
practices and the socio-economic/ethnic characteristics of the local population. Also, NICU 
populations are less representative as they tend to have a different case-mix compared with the 
general VPT/VLBW population, containing a higher proportion of infants with poorer outcomes due 
to referrals of higher-risk infants from lower-level centres. Data from RCTs can be used to study 
prognosis, provided the treatment allocation is included as a predictor variable, though such studies 
may have reduced generalisabillity because of restricted trial eligibility criteria. 
 There was a lack of consistency in the GA and BW criteria used nationally and internationally to 
define cohorts, with some studies using prematurity or BW alone and others using a combination of 
both. Before the routine use of ultrasound, cohorts were generally defined by BW due to the 
unreliable measurement of GA. Although there has been a shift from using BW defined cohorts in 
                                                                                                                                 
                                                                                                                   Page 10 of 24 
 
the last two to three decades, even studies conducted more recently used varying criteria. The 
typical VLBW cohort can be fairly heterogeneous group due to the inclusion of the more mature but 
extremely growth restricted infants, and it is recommended that epidemiologic studies of very small 
or immature newborns should be based on GA rather than BW criterion.91 This is because the 
confounding effect of fetal growth status and maturity could lead to a distorted relationship 
between potential risk factors and outcome.  
 
Sample size and events per variable 
It is generally recommended that there should be a minimum of 10 outcome events per predictor 
variable (EPV) when using logistic regression models for predictive modelling, and models with an 
EPV less than five should be interpreted with caution.92 As EPV declines below 10, simulation studies 
have shown an increase in bias and variability, unreliable confidence interval coverage and problems 
with model convergence.6 Overfitting is a particular problem when small samples are used for 
predictive modelling, which can lead to the performance of the model being overoptimistic in the 
dataset from which it was developed.93 The median sample size of studies included in the review 
was 219 and the median number of predictors in the final models was five, which means that, on 
average, studies lacked the power to detect associations in any outcome with an event rate of less 
than 20%. Only one study commented on the number of events per variable.40 Despite the 
difficulties in calculating a suitable sample size for studies of prognosis, and risk factor analysis often 
being a secondary aim when planning a cohort study, considerations of power and sample size still 
need to be discussed in relation to any additional analysis conducted. 
 
Model development 
Definitions of outcomes and risk factors 
The measurement and assessment of outcome were generally clearly defined and robust in the 
studies included in this review, though it would be helpful to have more international agreement 
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and standardisation, for example in the diagnostic criteria used by studies to define cerebral palsy, 
which are available.94 There was more consistency across studies in the tests used to measure motor 
and cognitive outcomes than those used in the other outcome domains, however studies did not 
always use the same cut-points for impairment and some used continuous scores which made it 
difficult to compare findings. Few studies reported whether assessments were blinded to previous 
medical history. For risk factor variables, some conditions such as bronchopulmonary dysplasia and 
intraventricular haemorrhage grading were defined quite consistently across studies, whereas other 
factors such as sepsis and necrotizing enterocolitis varied in definition or were not clearly defined at 
all. It is recommended that outcomes should be assessed prospectively using comprehensive, well-
validated tests or using standard diagnostic criteria with a strict protocol, blinded to previous 
medical history. The definitions of outcomes and risk factors should be described clearly in sufficient 
detail if the model is to be correctly interpreted and applied by other researchers.   
 
Coding and modelling of continuous variables 
The factors retained in the final model, and the value of their coefficients are strongly influenced by 
the coding and methods used to model continuous and categorical variables.8 Many studies included 
in the review categorised some or all of the continuous risk predictors used in the modelling, often 
without a clear rationale. The arbitrary categorisation of continuous predictors should be avoided as 
this results in a loss of information and statistical power. It also results in the classification of 
individuals who are close but on either side of the chosen cut-point as having very different levels of 
risk.95 Using cut-points that are data-driven, such as the sample median, are problematic when the 
model is transported to a different study population.96 Assessing whether the relationship between 
a continuous predictor and an outcome is linear or nonlinear is important, yet few studies reported 
doing this. If a nonlinear relationship exists, then categorisation may be a reasonable option or 
fitting a nonlinear term, for example a quadratic term. The use of splines and fractional polynomials 
could be also be considered in larger samples.8   
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Selection of risk predictors 
There is no overall consensus on the best strategy to select variables for inclusion in a prognostic 
model, however some approaches are not recommended. This includes screening candidate factors 
using univariate tests of association with outcome, as the correlation with other risk factors is not 
controlled for. This can result in the rejection of important predictors that only become prognostic 
after adjustment for other factors.6,97 Twenty-eight percent (n=22) of studies adopted this approach 
and in 13% (n=10) the screening strategy was unclear. A further 43% (n=33) studies included all 
candidate variables, but 25 of these studies started with fewer than 20 variables at the outset, so it 
is likely that some preselection process was applied but not reported. It is important to report any 
procedure used to reduce the number of candidate variables in sufficient detail so that the degree of 
coverage (of factors considered) can be assessed.  
 
Automated variable selection processes, such as forward selection, backward elimination or 
stepwise approaches, are cautioned against as they are data-driven and ignore clinical plausibility. 
This can lead to poorly performing models with biased regression coefficients.93,98,99 Some important 
risk factors that are well-established in the literature may not always be statistically significant in a 
particular dataset, but it is advisable to include these in the development process. The preferred 
approach is to start with the full model and eliminate factors (taking both statistical significance and 
clinical relevance into consideration) as this avoids overfitting and selection bias and provides 
correct estimates of standard error.7 The level of significance has a major effect on the number of 
variables retained; a 1% level will almost always result in a more parsimonious model than a 5% 
level. However starting with the full model can be problematic when there are a large number of 
candidate factors, as is usually the case when predicting neurodevelopmental outcome in the 
VPT/VLBW population, due to the vast amount of data usually collected during the neonatal period 
and the many environmental factors that can affect development following discharge. Six 
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studies13,31,46,48,53,86 in the review adopted a sequential multivariate approach to prediction, fitting 
candidate factors in stages according to the time frame in which they occurred or according to 
themes, such as clinical and socio-demographic. This approach seems reasonable, given that 
prognosis in these children is a complex and dynamic process, with environmental factors potentially 
superseding the influence of early biological factors as the child grows up. 
 
Reporting and model validation 
Attrition and missing data 
One area that could easily be improved is the reporting of study ascertainment and attrition. While 
this was excellent in some studies, it was lacking in many others which made it difficult to determine 
how representative the study populations were. In prospective cohorts where children are followed 
up at multiple time points, the numbers and reasons for exclusions and dropouts at each stage 
should be clearly reported in a flow diagram. In retrospective studies, the number of infants 
assessed for inclusion should be reported, in addition to the number selected for inclusion, which is 
important for assessing the risk of selection bias. There is evidence of selective drop-out in studies of 
preterm children, with those lost to follow-up more likely to be severely impaired or have mothers 
with a lower level of education,100-102 therefore it is important to report and assess the potential 
impact of drop-out on the results. While the majority of studies reported that a comparison of 
children lost versus not lost to follow-up had been conducted, the data relating to this was not 
always fully reported in the article (or provided as supplemental material). If further participants are 
excluded from the final model due to missing data, the representativeness of analysis population 
should also be assessed, however the majority of studies did not even report the number of 
participants included in the final model after excluding those with missing outcome or risk factor 
data.  
 
Model reporting and validation 
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Some studies only reported the results for selected variables in the final model, or only provided p-
values or the regression coefficients with no confidence intervals. The absolute minimum that 
should be reported are the regression coefficients with confidence intervals for all factors retained in 
the final model, but it is also helpful to report the results of important intermediate stages of model 
development (as supplemental material if space is not permitted). Once a risk prediction model has 
been derived, its performance can be assessed for calibration (comparing observed and predicted 
outcomes for groups), accuracy (comparing the observed and predicted outcome for individuals) and 
discrimination (ability to distinguish between individuals at low and high risk of developing an 
outcome). These tests can be carried out on the data used to derive the model, but should ideally be 
carried out on new data, either from the same source (internal validation) or ideally on data from an  
independent source (external validation) to evaluate the transportability of the model. Methods of 
internal validation include split-sample (splitting the sample randomly into a "training" set for model 
development and a "test" set for model validation), cross-validation (developing a model in each set 
and testing it on the other set) and bootstrapping (resampling with replacement). Only four 
studies16,36,46,76 in the review assessed the performance of the model, and in three this was limited to 
a single measure of discrimination. Only one study13 went further and used the split-sample method 
of internal validation and produced a tool available online that could be used in clinical practice.  
 
Strengths and limitations of the review 
The search filter used in this review was intentionally broad at the expense of precision in order to 
capture all studies reporting risk factor analyses, which resulted in a large number of articles 
retrieved. This approach is recommended for reviews in fields in which clinical prediction models are 
largely underdeveloped, rather than a more specific search filter, which would have had a high false 
negative rate, potentially leading to many articles being missed.103 No language restrictions were 
imposed and no further articles were identified in the hand-search of bibliographies of all studies 
included, so it is unlikely that there were any major omissions. Some studies in the review were 
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published before the proliferation of comprehensive guidelines on the conduct and reporting of 
research studies (http://www.equator-network.org/), and may not reflect the standards of more 
current prognostic modelling research, though specific reporting guidelines for this field have only 
just emerged.9 
 
Conclusion 
This systematic review of 78 published articles has confirmed that there is a dearth of properly 
designed and well-conducted prognostic modelling studies for neurodevelopmental outcome in 
surviving VPT/VLBW children. Inappropriate techniques were often used to develop the risk 
prediction models included and few studies assessed model performance or attempted any model 
validation. In addition, poor reporting of the final models, model development, study attrition and 
missing data were widespread. The findings and recommendations of this critical review should be 
used as a basis for the design and analysis of future studies seeking to develop and validate risk 
prediction models in this population.  
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